SUPERHEAVY ELEMENTS:
PRESENT & FUTURE
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15-year long assault on the "Islands of Stability”
1970-1985

Los Alamos (USA)
Berkeley (USA)
Dubna (JINR)
Oak Ridge (USA)

Mainz (Germany)
Darmstadt (Germany)
Orsay (France)
Wiirenlingen (Switzerland)

Tokyo (Japan) some later




The task of every laboratory was:

o find the method of producing

Search in nature:

earth/lunar objects, cosmic rays,
Artificial synthesis:

high-flux reactor,
nuclear explosion,
powerful accelerator

To develop setups:

separator/detector,
spectrometers,
chemical methods, etc.




Unfortunately 1n all attempts super
heavy elements were not found

The problem of artificial synthesis
of SHE is related with reaction of
synthesis



Reactions of synthesis
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Reaction channels in the collisions
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REACTIONS WITH Ca

The sharp change of the mep triangular shape for
the reaction *#Ca + 2%Pb, where Fusion-Fission
process dominates, to the Quasifission shape of
MED for the 2*¢112-¢116 nuclei.

The wide two-humped mass distribution with high
peak of heavy fragment near double magic lead
(M,~208) for the Quasifission process.

In spite of the dominating role of the Quasifission
process for these reactions we assume that in the
symmetric region of the fragment masses (A/2120)
FF process cqi™ —
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Cold fusion reactions
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Hot fusion reactions
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Reaction of synthesis
artificial element made in
high flux nuclear reactor
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Super heavy islanders and their daughter products are
a large family of the 55 new neutron-rich isotopes with unique
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Reactions of Synthesis
A. Sobiczewski, K. Pomorski, PPNP 58, 292, 2007
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. > 40% larger than that of Bi, the heaviest stable element,

we see an impressive extension in nuclear survivability.
Although SHN are at the limits of Coulomb stabllity,

* shell stabilization lowers ground-state energy,

* creates a fission barrier,

* andfhereby enables SHN 1o exist.

The fundamentals of the modern theory
concerning the mass limits of nuclear matter
have obtained experimental verification



Where are the super heavy elements located
in the Periodic Table?

Are they similar to their light homologues?

Where is the boundary of the Periodic Table
and how many elements can it contain?



Decay modes and the half-lives of the isotopes with Z= 110
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*Search for superheavies

What is the next step? | 28y Ti, Cr, NizFe12o
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FLNR ACCELERATOR COMPLEX

DC=-280 - U-400 U-4001 IC-100
SHE factory Heavy and superheavy Light exotic Applied research
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SHE research: Main tasks

Experiments at the extremely low (0<100 fb) cross sections:
- Synthesis of new SHE with Z = 119 and 120 in reactions with %°Ti, 5Cr ...;
- Synthesis of new isotopes of SHE;
- Study of decay properties of SHE;
- Exploring limits the Island of Stability;
- Study of excitation functions.

Experiments requiring high statistics:
- Nuclear spectroscopy of SHE;
- Precise mass measurements;
- Study of chemical properties of SHE.
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Separators @ SHE Factory

e |

\\ DGFRS-2: 24-cm target wheel
~ launched in 2020 12 sectors

“veto” detectors

side detectors
double-sided

strip detector

48x220 DSSD & 60x120 SSSD

| 5 Ge Clover detectors 116 3He counters



Transmission:

From 2%Pb(%®Ca,2n)?*?No test reaction:
55+7%

Cross section

From 23Am(%Ca,2-3n)%%8289Mc reaction:

Comparison of results at the same “®Ca energy

Target 0.37 0.43
thickness,
mg/cm?
Beam dose, 3.3 3.4
10'8
No decay 288Mc - 6 288Mc - 13
hai
chains 289Mc -0 289Mc - 2

Yield 1 1.8-2.1



Test reaction:

206Pb+48CC| —)252NO

Cross section 0.5 pb

Increase of suppression of background

nuclei
by more than factor of 200
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Energy spectra of all the particles registered by MWPC (top blue line) and
of 22No (bottom black line) nuclei produced in the 2°°Pb(*¢Ca,2n) reaction
using separators DGFRS (a) and DGFRS-2 (b).
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|Isotope production:
Cm-248

Bk-249

Cf-251

To be increased
10 times

SHE-Factory

joining of efforts

New accelerator
High beam
dose of : Ca-48

Factor 10

Depend of
target durability

Ti-50
Ni-64

SC- recoil separator
equipped with

Gas Catcher

On-line separator
& sophisticated

Detectors

Factor 3

is closely linked
to the intellect



Progress at SHE-Factory
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Summary of experiments @ Superheavy Element Factory in 2020-2023

Experiments:
110: 232Th + 4BCa —>280DS*, 238U + 40Ar—>278DS*

112: 28U + 4Ca — 286Cn*
114: 2Py + 48Ca — 290F|*

115: 23Am + 4¢Ca — 2'Mc* Chart of nuclides
116: 38U + %Cr — 292 y*

[ -
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Synthesis of elements 119 and 120

Reactions (new elements):
249BK(%Ti,xn) 290119

Synthesis of neutron-deficient/rich SH nuclei

249'251Cf(5°Ti, Xn)(299-301)-x1 20 | 249-2510¢, 507 | % m m 125 ,24 248454,
2452480 m (S4Cr, X1)29202:1 20 _ T i
ions: S 202 ea || Lkl ] |
Test reactions: g ] 249g)48Ca,2n)
28y + HCr  _» 22,y g e L L omaan|
o) | SAMETICA | et ey s | ¢4%cm(*°ca,1p1-2n)
202y + 0Tj —» 252 y* £ (1) 2920000 [IRCTEETE ] o w0
245Cm + ®Ca—s 29Ly* & i A i T )
o= 490
- - MaeaE,., Y 174
Reactions (n-deficient):
21 Am(#Ca, xn)**Mc i =
235J(48Ca, xn)?83*Cn “ J;ST ff‘“
231 Pa(48Ca’Xn)279-XRg o Ee by PR sgg;z? o E’f‘ 4 170
s o0 B 168
Reactions (n-rich): - 166
2498 k(48C a,2 n)295Ts1 i r T

HE

248Cm(#8Ca,2n)?**Lv, 4
#8Cm(*Ca,1p1-2n)?*>29*MC, 15 14
242.244Py(48Ca,1p1-2n)28"-2°Nh. . -
electron capture

15
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Predicted cross sections for production of isotopes of elements

119 and 120 in the 249Bk+%0Ti, 249-251Cf+30Tj , 248Cm+°4Cr reactions
differ by 2-3 orders of magnitude

249Bk+50Ti 249Cf+50Ti 251Cf+50Tj 248Cm+54Cr
299119* 299120* 301120* 302120*

$ exp

1 pb

exp

+

100 fb &xp

I

10 fb | i
1fb .
V.I. Zagrebaev et al., Phys. Rev. C 78, 034610 (2008) K. Siwek-Wilczynska et al., Phys. Rev. C 86, 014611 (2012).
K. Siwek-Wilczynska et al., Int. J. Mod. Phys. E 19, 500 (2010). A.N. Kuzmina et al., Phys. Rev. C 85, 014319 (2012).
A.K. Nasirov et al., Phys. Rev. C 84, 044612 (2011). Jinjuan Zhang et al., Nucl. Phys. A 909, 36 (2013).
Ning Wang et al., Phys. Rev. C 84, 061601 (2011). Z.H. Liu, J.D. Bao, Phys. Rev. C 87, 034616 (2013).

Nan Wang et al., Phys. Rev. C 84, 061601 (2011). V.I. Zagrebaev, W. Greiner, Nucl. Phys. A 944, 257 (2015).
Z.H. Liu et al., Phys. Rev. C 84, 031602(R) (2011). G. G. Adamian et al., f Part. Nucl. 47, 387 (2016
K. Siwek-Wilczynska et al., Phys. Rev. C 99, 054603 (2019). A. Ansari etal., Int. ).

Mod. Phys. E 26, 1750050 (2017).
K.P. Santhosh et al., Phys. Rev. C 96, 034610 (2017).

Test reactions are
needed
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TRAFFIC LIGHTS
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TKE (MeV)
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Fusion Probability
in Cold and Hof fusion reachons
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Experiment 238U + >4Cr

Oct 12, 21:56 Oct 26, 05:38
11.11320 MeV/|) y 288| |Lv 288| 18.30 MeV 9.66017MeV ), 288| [Lv288| 10.55 MeV
0.983 ms 29 /163 mm 2.015 ms 39 /35 mm

174.3 MeV 165.7 MeV

(156.2+18.1) (160.4+5.3)

1.437 ms 9.837 ms

For the first time:
- , Actinide + >%Cr
Target ~°°U: 0.72 mg/cm .
& g/ New isotope 238Lv
Beam dose: 2.6 x 10*° Confirmation of 284Fl

Excitation energy: 42 MeV

Cross section 0.1 pb

eam intensity (puA)
o = = N N
(&)} o (&)} o (8]
] ] ] ] ]

] Lol

SOE o

23.09 30.09 07.10 14.10 21.10 28.10 1.11
Date



Experiment 2*?Pu + °°Ti

11.09533 MeV ) 288 |Lv288| 15.96 MeV 11.06515MeV |} y288| [Lv288|12.19 MeV
288 (0.694+10.401) 34 /33 mm 0.3186 ms 37,38 / 103 mm
Lv 7272ms
10.4617 MeV
10.57117 MeV | 284 17 Ve Fl284
1.818 ms (0.+10.21) L.
1.064 ms preliminary
Pran<10-4
181.5 MeV 202.9 MeV resu/ts
18.65 us (150.3+52.6)
10.18 ps
289 10.88415MeV |\ 289| [Lv289|14.62Mev  11.00734MeV |, 939 |Ly289|16.31MeV . . Lv289| |Lv2s9|15.27 Mev
Lv - ] missing o -
2.571ms 27 /199 mm (0.930+10.077) 27 /101 mm 38 /187 mm
4.368 ms /
10.44531 MeV F1285 10.51918 MeV FI1 285 10.46317 MeV F1285
(0.720+9.725) 98.69 ms 238.50 ms
5.938 ms
10.0817 MeV
(0.49.83) Cn 281 (1)04223158 MeV |cn2s1 ;06322;7SMEV Cn281
0.3417 s ’ )
Pan<0.02
10.53417 MeV |Ds 277 10.49735 MeV |Ds 277 10.54017 MeV |[Ds 277
4.661 ms (2.432+8.065) 13.47 ms
3.887 ms
9.53935 MeV | 273 9.49918 MeV | 973 9.48135 MeV | 973
(1.476+8.063) 1.560's (0.576+8.905)
2.5120s 0.5091's
8.43915MeV  |gq 969 173.8 MeV 193.1 MeV
10.8124 min (163.9+9.9) (183.2+9.9)
2.982 min 24.06 min
222.5 MeV . .
(181.9+40.6) For the first time:
3.3828 min

Target 2*?Pu: 0.73 mg/cm?

Beam dose:

1.5 x 108

Excitation energy: 41 MeV

New isitope 2%9Lv
o.-decay of *9Lv

Cross section: ~0.54 pb



Synthesis of 120 and consequence
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REACTION MECHANISMS
IN DEPENDENCE ON Z,Z,

L,Z, |Reactions with actinide targets |Reaction mechanisms
1472 3¢S + 28U At energies below the Coulomb barrier the dominant
(Zo= 108) reaction channel is asymmetric quasifission.
At energies above the barrier, the upper limits for CN-fission is
~30%.
1840 |[“Ca + 28U,244Puy,?#Cm The dominant process is asymmetric quasifission.
+ (Zcy=112, 114, 116) At energies above the barrier, the upper limits for CN-fission is
1920 ~5-10%.
2024 | 4TI + 238, 52Cr + 232Th, 5254Cr + The dominant process is asymmetric quasifission.
= 248Cm At energies above the barrier — the upper limits for CN-fission
2304 |(Z. =114,114, 120) is ~0.1-1%.
2576 | ¢Ni + 238U,68/n + 232Th The dominant processes are deep-inelastic collisions and a
+ (Zo = 120) few nucleon transfer. The formation of symmetric fragment
2700 even in QF is strongly suppressed.







Period 1 18 Orbitals

Periodic Table Z=1-138

1 | 2
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Does element 118 look like a
noble gas?
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CHEMISTRY OF SHE Z |sotope Half-life
He/Ar \

112 283gp 3.6s
113 284Nh 09s
114 287 0.3
% Fl S

J

115 28 0,16 s
116 293\, 57 ms
117 294Tg 51 ms
118  294Qgq 0.6 ms

GASSOL - Solenoid-based separator 300,00 |

——o—SHE calc.

- hom. calc.

* Stopping SH atoms in a small volume of 1-2 cm?

200,00 r

—o=—SHE exp.

-AH .4, kJ/mol

« Chemistry of short-lived SHE T, 2 30 ms (up to
elements 116-117)

100,00 |- —~hom. exp.

0,00




Precise mass measurements of SH nuclei @ SHE Factory

Measuring masses of SH isotopes

9.906 MeV = _
(3600+6 207) | F1287 || FI290 | 11789 MeV with accuracy 107 (30 keV)
0.333557 s
51110 241106 (175 mm) . T <05s
9.396 MeV Cn 283 1/2 .
6.274267 s |0 * Production rate 1 event/day
* Background rate event/s
9.677 MeV 10.033 MeV
(2684+6993) [DS279| (7721435 | F1287 | |F1290] 12911 Mev
3'42/5 ?823 > N 33124 (47 mm)
9.321 MeV 9.551 MeV
0.950205 s |HS 275 11.098359 s [CNn283
2471106 33/24
8.483 MeV 213.343 MeV
3.559528 s |99 271 0.507634 s
24 /106 33/24
192.663 MeV
(144.485+48.178)
32.218 min
24 /106

M.I. Yavor, Journal of Instrumentation,17 (2022) 11033
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proton number

Multinucleon transfer processes in U + U reaction

238 4 238
E=7MeV/u i o
final products e '
p 82 g 1 “b
2 —
--------- cold
126
50
82

neutron number




Multinucleon transfer reactions. Some of the open questions

‘ ’\\(\6 = R 114
6(\Q

QO By,
Q‘O\O ﬁ : 184
] \Tz (

\\\\\\
JJJJJ

S

* Angular distributions of various reaction products.
Their energy dependence.

* Cross sections for neutron-enriched products. Their energy dependence.
* Kinetic and excitation energies of reaction products.

* Optimal reaction choice for production of various nuclei in heavy (N=126) and
transuranium mass regions.



Studying the 238U + 238 reaction
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cross section (mb)
2 8 B o =
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Thank Youl
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